COKTROLIED  REDUCTION  Of  HATER  ACTIVITY  IN  CELERY: 

THE  EFFECT  ON  HEHBRAHE  IKnSRITY  AND  BIOPHYSICAL  PROPERTIES 


BY 


A DISSERTATION  PRESENTED  TO  THE  CRAOUATE  SCHOOL 
OF  T«  UNIVERSITY  OF  FLWIDA  IN 
PARTIAL  FULFILLHENT  OF  THE  REQUIRENEHTS 
FOR  T«  DEGREE  OF  DOCTOR  OF  PHILOSOPHY 


UNIVERSITY  OF  FLORIDA 


ACKNOWLEDGMENTS 

I an  very  grateful  to  ny  major  professor,  Dr.  A. A.  Telaetra,  for 
Nls  constant  support,  erthusfasn  and  ideas.  I would  also  like  to 
tnank  ny  committee  members,  Drs.  P.J.  Adams,  R.P.  Sates,  D.J.HuOer, 
R.S.  Stiireman  and  D.O,  Shah.  They  were  each  selected  because  of  their 
expertise  and  their  contributions  were  great. 

Several  resources  throughout  IFAS  were  made  available  to  me  for 
research  purposes.  I wish  to  thank  Ors.  H.C.  Aldrich  and  R.H.  Berg, 
for  their  excellent  instruction  on  the  electron  microscope  and  for  the 
use  of  their  equiisient.  I would  also  like  to  tnank  the  University  of 
Florida  Soil  Testing  Laboratory,  for  their  assistance  with  the  mineral 
analyses. 

1 remember  with  gratitude  my  association  with  many  graduate 
students  throughout  my  stay  at  U.F,  I have  enjoyed  many  discussions 
with  them.  1 am  grateful  for  the  friendship  and  support  1 have 
received  from  Gayla  Gull,  Ada  Cutler  and  Bill  Chirico.  1 would  like 
to  thank  Cindy  Elnmerman,  for  typing  the  dissertation,  Walter  Jones, 
for  his  help  with  the  figures,  and  Ky1a  Carter  of  A.  Duda  and  Sons, 
for  his  assistance  in  obtaining  fresn  celery. 

Finally,  it  is  with  much  gratitude  that  I thank  my  parents, 
brothers  and  sisters,  for  the  many  things  they  did  to  make  this 
dissertation  possible. 


Of  CONTEMTS 


ACKNOMLEOGHEKTS..... 

LIST  Of  TABLES 

LIST  Of  FIGURES.... 

ABSTRACT 

INTRODUCTION 

JuSt1f1c»t1on.. 

Obj«tIves 

LITERATURE  REVIEW.. 


Anacony  or  u 
Tlie  Effect  0 


THEWr  FORMATION.. 


M ant  Food- 
1on  on  Che  MemOi 

d’oehydrati’on’oi 


id  Tonoplast  HenDrane! 


MATERIALS  AND  METHODS... 


LIST  OF  TABUS 


Table  Page 

1 Mater  activity  of  various  solircloos  of  PF6..,..* 39 

2 Ccngarlson  of  gretreatnent  effect  on  leaching  of 

various  cmponents 66 

of  fresh  weight  for  celery  crescents 


egu11  ibrated 


SS™.SS!»5S-SS.: 


ss;si';stss.::“.":“;;“" 







v:;?  ... 


" s'sirs'sx  r»!  

" » 

■’  

” 5rxtr£::sE;:i.v',ss;s:x“;;;: 


Sx:r5’s£:xx‘SKxrs."::’"’ 


COKTROLLED  REDUCTION  Of  WATER  ACTIVITY  IN  CELERY: 

TNE  EFFECT  ON  MEMBRANE  INTEORITV  AND  BIORHYSICAL  PROPERTIES 


Fol1( 


neasurenent  of  rigidity  and  piece  heigiit  and  observation  of 
uUrastructure. 

The  ethanol  pretreatment  resulted  iti  Z-i  times  greater  leakage 
than  the  OOHgO  pretreatment.  Electron  microscopy  revealed  extensive 
mwibrane  damage  in  ethanol-pretreated  samples  and  very  little  damage 
In  DDHyO-pretreated  samples.  The  cell  walls  and  middle  lamellae  of 
pretreated  samples  were  indistinguishable  from  controls  not 
pretreated. 

Celery  pieces  dehydrated  to  a^'s  of  0.99b-l.(100  were  very  similar 
in  properties  to  pieces  maintained  in  DDHjO.  However,  celery  pieces 
dehydrated  to  0.9BT  a^  exnioited  properties  very  similar  to  ethanol- 
pretreated  pieces.  Celery  pieces  dehydrated  to  a„'s  of  0.987  and 
below  had  201  reduced  heights,  were  unable  to  totally  rehydrate, 
leached  from  4-1000  times  greater  quantities  than  the  undehydrated 
tissue.  They  also  exhibited  rigidities  and  ultrastructural 
characteristics  similar  to  ethanol-pretreated  pieces.  The  cell  walls 
and  middle  lamellae  were  intact  in  all  tissues  of  the  high  and 
intermediate  a^'s  (0.920-1.000).  The  similarity  between  the 
properties  of  the  ethanol-pretreated  celery  pieces  and  the  dehydrated- 
rehydrated  pieces  suggests  that  loss  of  membrane  integrity  was 
responsible  for  the  (Aserved  dehydration  damage. 

The  results  of  this  study  are  discussed  1n  terms  of  previous 
studies  in  the  area.  Mechanisms  of  textural  changes  are  proposed  and 
suggestions  for  future  work  are  presented 


IKTRODUCTIOK 


JiiStIfiMtIon 

The  Institute  of  Food  and  Agricultural  Sciences  (IFAS)  at  the 
University  of  Florida  Is  comitted  to  the  development  of  Improved  food 
preservation  processes  Hhlch  Increase  product  stability  and  piartet 
fleiiblHty  while  still  maintaining  a high  degree  of  quality  (Anon., 
1983a).  Fostharvest  losses  of  201  or  H72  million  annually  of 
vegetables  and  gnound  fruits  1n  Florida  are  partially  attributable  to 
the  lack  of  such  processihg.  The  growing  popularity  of  dehydrated 
fruits  and  vegetables  In  the  Institutional  market  in  the  U.S.  and  the 
consumer  market  in  Europe  makes  dehydration  an  Increasingly  attractive 
possibility  for  fruit  and  vegetable  preservation.  In  addition,  many 
alternative  energy  sources  are  suitable  for  dehydration  and  offer 
passible  savings  In  energy  costs. 

Although  dehydration  of  vegetables  offers  many  shipping  and 
storage  advantages  over  fresh  produce,  the  rehydrated  product  does  not 
exhibit  the  crispness  and  crunchiness  associated  with  the  fresh 
vegetable.  For  this  reason  most  dehydrated  vegetables  are  utilized  as 
ingredients  In  dry  soups,  spices,  stuffing  mixes,  etc.  In  wnich  fresh 
structure  and  texture  are  not  required  (Neier,  1982).  The  firm,  crisp 
texture  associated  with  fresh  vegetables  Is  a result  of  turgidity. 

The  Integrity  of  the  cell  wall,  middle  lamella  and  plasma  mmnbrane  Is 


essential  for  tursldity  (Reeve,  1970).  Since  firmness  and  crispness 
are  compromised  In  the  ren^drated  prodi>ct,  the  cell  wa11,  middle 
lamella  and  plasma  membrane  are  suspected  sites  of  Irreversible  damage 
during  eater  removal.  The  nature  and  conditions  of  possible  damage  to 
the  cell  wall  and/or  cell  membrane  have  not  been  well  defined. 

The  following  work  evaluates  ultrastructural  dhanges  of  these 
suspected  sites  during  water  renoval  as  well  as  the  biophysical 
differences  between  fresh  tissue  and  tissue  dehydrated  to  various 
known  water  activities  (Pm's)*  Celery  was  chosen  as  a model  system 
because  of  the  vast  difference  in  texture  between  fresh  and  rehydrated 
celery.  This  study  1s  fundamental  to  the  development  of  processing 
tKhnlques  whicn  may  allow  for  recovery  of  fresh-like  texture  In 
denydrated  vegetablK  upon  rehydratlon. 

Objectives 

This  study  was  undertaken  to  determine  the  effect  of  controlled 
lowering  of  water  activity  In  cellular  conponents  Including  cell  wall, 
plasma  mmnbrane  and  middle  lamella  and  the  correlation  of 
ultrastructural  changes  to  textural  parameters.  Another  closely 
related  objective  was  to  determine  a critical  water  activity  below 
which  celery  could  not  be  equilibrated  and  regain  texture 
characteristic  of  the  fresh  product. 


LITERATURE  REVIEW 


Structure  of  » Generalized  Pidnt  Cell 

Figure  1 Illustrates  a typical  celery  parenexyea  cell.  Although 
plant  cell  ultrastructure  varies  according  to  origin  and  function, 
nany  generalizations  can  be  made.  A plant  cell  is  surrounded  by  a 
rigid  cell  wall  naoe  up  of  cellulose  nicrofibril s,  which  using 
electron  microscopy  have  been  estimated  to  be  i.ixS.i  in  In  cross- 
sectional  surface  area  (Oarvlll  et  a1..  1980).  The  microfibrils  are 
deposited  in  an  ordered  fashion  outside  the  plasma  membrane  (Vian, 
1982).  A model  of  a complex  three-dimensional  matrix  of  cellulose 
microfibrils,  pectins  and  hoiicell uloses  with  anal!  amounts  of 
structural  protein  was  developed  for  the  primary  wall  by  8aur  et  al . 
(1973).  Keegstra  et  a1 . (1973)  and  Talmadge  et  al.  (1973)  using 
sycamore  cells  in  culture.  With  some  variation  the  model  Is  expected 
to  apply  to  other  angiosperms  (Darvlll  et  al..  1980). 

The  middle  lamella,  which  is  mainly  composed  of  hydrated  pectic 
polysaccharides  (naH,  1978),  cements  cell  walls  of  adjacent  cells. 
Inside  the  cell  wall  of  livng  plant  cells  is  a plasma  membrane  or 
plasmalenma.  because  the  plasma  membrane  possesses  semi permeabi e 
properties.  It  serves  as  a chemical  and  electrical  barrier  for  the 
cell.  When  a cell  is  turgid,  the  plasma  membrane  is  closely  appressed 
to  the  cell  wall.  Partly  because  of  the  difficulty  of  purifying  plant 
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Longiludinal  Cross-Section  of  o Petiole 
Parenchyma  Cell  in  Celery 


plasma  metibranes , comparativelj^  little  is  known  about  them.  The  fluid 
mosaic  model  of  biological  menbranes  [Singer  and  Nicholson,  1972)  Is 
the  model  which  best  fits  the  information  available  (Figure  2). 
Membranes  may  be  viewed  as  a fluid  liquid-crystalline  bilayer  of 
phospholipids  with  peripheral  and  integral  proteins  incorporated  in 
mosaic  fashion. 

The  cytosol,  or  cellular  solution,  lies  within  the  plasma 
membrane.  The  majority  of  metabolism  takes  place  here  or  within 
organelles  In  the  cytosol.  Typical  plant  organelles  are  mitochondria, 
chloroplasts,  nuclei,  oictyosones , endoplasmic  reticuliia,  ribosomes 
and  others  (Newcomb,  1980).  Closely  associated  with  the  plasmalemma 
are  microtubules.  A variety  of  futrctions  have  been  hypothesized  for 
microtubules,  ranging  from  involvement  in  cell  wall  synthesis  to 
chromosome  movmnent  [Vlan,  1982;  Inoue,  I9BI), 

Plant  cells  may  also  contain  one  or  more  vacuoles,  which  maintain 
turgor  and  serve  as  reservoirs  of  water  and  solutes.  Mature  storage 
parenchyma  cells  have  large  vacuoles  and  very  little  cytosol.  The 
vacuole  has  a membrane,  the  tonoplast,  which  actively  maintains  a 
separation  of  the  vacuolar  contents,  mainly  acids,  sugars,  minerals 
and  water,  from  the  cytosol. 

Anatomy  of  Celery  (Apium  Sraveolens)  Petioles 

Esau  (1938)  described  the  main  morphological  and  anatomical 
features  of  ce’ery  petioles.  Celery  petioles  are  crescent-shaped  in 
transverse  section.  Figure  3 Illustrates  the  major  cell  types  seen  in 
transverse  cross-section.  Parenchyma  cells  constitute  the  major  cell 


Diagram  of  the  f1 u1d-noaa1c  mode!  structure  from  Singer  and 
Nicholson  (1972).  Circles  represent  the  head  groups  and 
tHo  lines  are  used  to  represent  the  hydrophobic  tails. 
Protein  Is  represented  by  the  cross-hatched  particles 
embedded  In  the  bHayer. 


Transverse  cross-section  of  celery  petiole.  COL  ■ 
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00  « oil  Qucts,  and  e ■ epidermis. 
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type  of  the  petiole.  They  are  tonewhat  circular  In  cross*sect1on  and 
the  length  1b  1.5  to  2,5  times  the  diameter.  Oil  ducts  dot  the 
parenchyma  hut  are  mainly  associated  with  the  ribs  and  vascular 
tissue.  The  rlhs  of  the  celery  on  the  abaxial  side  under  the 
epidermis  are  made  of  thlck-walTed  collenchjma  cells.  Each  of  these 
Is  opposite  a vascular  bundle.  The  vascular  bundle  Is  composed  of  a 
bundle  cap  of  coTlenchyma,  xyTen  parenchyma,  phlomn  vessels  and  phloem 
parenchyma.  The  coTI enchyma  and  vascular  bundles  make  up  what  are 
colloquially  called  celery  strings. 

Esau  [1936)  evaluated  mechanical  strength  of  collenchyma, 
vascular  bundles,  the  bundle  cap  and  the  xylan.  By  far  the  greatest 
strength  was  exhibited  by  the  collenchyma.  Because  of  the  strength  of 
those  tissues,  it  is  taspting  to  view  the  collenchyma  as  steel  girders 
supporting  a building.  In  fact,  collenchyma  may  have  quite  a 
different  role.  Esau  noticed  that  strings  removed  fron  the  Utah 
variety  were  colled  as  if  they  had  been  under  pressure.  She  quoted 
Aatbronn  (IBBl)  who  measured  tensions  of  9 to  IB  atmospheres  on  the 
collenchyma  from  the  turgor  of  the  surrounding  parencnyma  tissue.  The 
thick-walled  cells  may  be  associated  with  the  vascular  bundle  to 
protect  them  from  collapse  under  surrounding  turgor  pressure  and 
prevent  desiccation  during  stress.  Celery  petioles  are  maintained 
erect  largely  as  a result  of  turgor  pressure  (Sterling.  1963). 

Structure  and  Texture  of  Plant  Foods 

Differences  In  fruit  and  vegetable  texture  are  a manifestation  of 
Che  oltrastructure  and  chemical  ccmipositlon  of  the  plant  tissue.  A 


nufnber  of  studies  have  correlated  structure  and  texture  [Jewell.  1972; 
Lee  et  a1.,  1966;  Hirza  and  Jewell,  1976;  Hohsenin,  1970;  Reeve,  1943. 
1963;  Reeve  and  Brown,  1968;  Baiton  and  Jewell.  1969;  Szcesnfak  and 
Smith,  1969).  Additional  references  can  Oe  found  In  a comprehensive 
review  b:r  Reeve  (1970).  Chemical  and  ultrastructural  changes  result 
throughout  development,  harvest,  storage  and  processing  of  fruits  and 
vegetables,  Sme  of  the  changes,  such  as  those  occurring  during 
ripening  or  cooking,  are  desirable  from  the  standpoint  of  Che 
consuner;  textural  changes  resulting  from  storage,  handling  and 
processing  of  vegetables  are  generally  undesirable.  The  textural 
properties  most  Important  to  this  study  are  those  of  crispness  and 
crunchl ness . 

Vickers  (1979)  Indicated  that  crispness  In  wet  foods  such  as 
celery  Is  a result  of  the  combined  properties  of  rigidity,  hardness 
and  firmness.  She  noted  that  crunchiness  Is  highly  related  to 
crispness,  toughness  and  the  bone-conducted  sounds  occurring  during 
chewing,  Vickers  related  the  properties  of  crispness  and  crunchiness 
to  structural  changes  resulting  fron  the  rupturing  of  turgid  cells 
during  chewing.  The  pressure  exerted  upon  the  cell  wa11  by  the 
cellular  contents,  turgor  pressure.  Is  dependent  upon  sufficient 
water  and  solutes  In  cells  with  rigid  cell  walls  and  sound 
mmnbranes. 

Turgor  Is  related  to  water  potential,  the  free  energy  of  water 
per  mole.  In  the  following  equation  (Kramer,  1969): 


(1) 


»tiere  » water  potential, 

■ osmotic  potential . 

e « turpor  pressure,  and 

■ metric  potential . 

Osmotic  potential  Oecomes  more  negative  as  solute  concentration 
Increases.  The  tendency  the  matrix  has  to  adsorb  water  Is  the  matric 
potential , 

Vater  potential  can  be  related  to  relative  hianldlty  and  tnus 
water  activity  by  a formula  derived  frcm  Raoult's  law  (Salisbury  and 
Ross.  1978): 

• 10.7  T Iog{l00/RH)  and  RH/100  = a^  (2) 

where  T > absolute  temperature  (Kelvin), 

RH  • relative  hunidity,  and 
a^  » water  activity. 

There  Is  general  agreement  with  regard  to  the  Importance  of 
turgor  In  fresh  texture.  Processing  of  fresh  tissue  results  In  many 
changes  Jilch  may  affect  texture.  In  order  to  evaluate  mechanisms  of 
textural  changes  during  processing,  It  1s  necessary  to  understand  the 
contribution  of  various  cell  structures  to  texture.  The  relative 
Importance  of  the  cell  walls,  middle  lamellae  and  cell  membranes  In 
texture  depends  on  the  tissue.  Elasticity,  strength,  ridigity,  etc. 
of  plant  tissues  are  generally  attributed  to  the  cell  wall  (Hohsenin, 
1970).  However,  modulus  of  elasticity  (stress/straIn)  was  correlated 


to  tur9or  1n  poutoes  (Nilsson  et  a1..  19SS).  Softness  In  apples  is 
thougnt  to  result  fron  changes  in  the  niPOle  lamella  whlcn  allow  the 
cells  to  separate  during  mastication  (Reeve,  19S3).  The  crisp  water 
chestnut  (cons  of  Eleocharis  dulcis)  maintains  crispness  In  spite  of 
heat  processing.  Since  heat  processing  destroys  memhrane  integrity 
(Hirza  and  Jewell,  1976],  crispness  in  water  chestnuts  must  Pe  a 
function  of  finn  cell  walls  or  S9ne  other  structure. 

Other  cell  structures  may  affect  crispness  and  crunchiness.  The 
tonoplast  membrane  plays  an  important  role  in  texture  because  of  the 
relationship  it  has  to  turgor.  *st  literature  relating  to  cellular 
stresses  emphasizes  the  plasma  memorane  rather  than  the  tonoplast  or 
both.  This  is  possiOly  because  of  the  difficulty  of  preserving  the 
membrane  in  cells  with  large  vacuoles  and  because  of  Its  proximity  to 
the  plasmaleima.  Those  processes  which  affect  the  plasmalefina  would 
be  expected  to  have  a similar  effect  on  the  tonoplast. 

Sugars,  acids,  and  other  solutes  of  the  cytoplasm  and  vacuole 
contribute  to  f,  and  are  essential  for  turgor.  The  ^ is  considered 
small  In  comparison  to  and  is  often  ignored.  At  maximian  turgor, 

■ 0 so  that  fj,  which  is  a positive  number  at  full  turgor  must  be 
offset  by  approximately  egual  and  opposite  i from  sugars,  salts  and 

Microtubules  and  the  cytoskeleton  are  in  close  proximity  to  the 
plasna  membrane.  The  relationship  between  microtubules  and  the  plasma 
membrane  nes  been  reviewed  by  Meatherpee  (igsi).  Microtubules  have 
been  lirgely  Ignored  in  the  food  texture  literature  and  their  role  in 
texture  Is  not  understood.  Microtubules  are  not  likely  to  be  viewed 
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in  many  fruits  or  vegetables  because  they  deoolymerize  at 
refrigeration  tenoeratures  (Inoue,  19BI).  Even  under  the  best  of 
clrcinstances,  microtubules  are  difficult  to  preserve  and  view.  Since 
refrigerated  fruits  and  vegetables  can  maintain  their  crispness  beyond 
the  depolymerlzatlon  of  microtubules,  microtubules  must  not  be 
essential  for  membrane  Integrity. 

The  Effect  of  Hydration  on  the  HwOrane. 

Changes  occurring  during  dehydration  and/or  rehydratlon  nay  alter 
the  structural  or  compositional  properties  of  cellular  membranes. 
Irreversible  loss  of  membrahe  Integrity  may  result  fron  damage  too 
extensive  to  repair,  damage  to  a membrane  repair  system  (Stewart  and 
Bewley,  1982)  or  Interruption  of  energy  transfer  (Simon,  1974). 

In  a comprenensive  review  on  plant  membrane  permeability,  Simon 
(1974)  outlined  evidence  for  mechanisms  of  membrane  leakiness  under  a 
variety  of  conditions.  Simon  notes  that  plant  membranes  become  leaky 
as  a result  of  conditions  of  chilling,  dehydration  and  senescence. 
Unlike  most  plant  membranes  of  biological  systems,  the  membranes  of 
pollen,  fungal  spores  and  seeds  recover  upon  rehydratlon  and  regain 
functionality.  Pollen,  fungal  spores  and  seeds  leach  at  a high  rate 
during  the  initial  stages  of  rehydratlon  but  quickly  exhibit  a reduced 
rate  of  leaching.  Simon  reviewed  evidence  that  the  Initial  surge  of 
leachate  corresponds  to  a membrane  phase  change  Imposed  at  moisture 

Lipid  extracts  fron  human  brains  at  various  levels  of  hydration 
were  evaluated  by  x-ray  diffraction  (Luzzatl  and  Hansen,  ig62).  These 


Authors  provide  evideoce  for  phase  changes  from  a lanellar  phase  to  a 
hexagonal  II  phase  (HII)  as  moisture  level  was  reduced  Delow  20X.  The 
HII  appears  as  inverted  micelTes  with  the  hydrophilic  heads  orienting 
together  to  form  a channel.  The  hydrophobic  tails  surround  them  in  a 
continuous  phase.  The  KII  phase  has  been  investigated  using 
nuclear  magnetic  resonance  [Cullis  and  Oe  Kruijff,  1978)  and 
visualized  Oy  freeze>etch  electron  microscopy  (Vertleij  et  a1..  1980; 
Oeamer  et  al.,  1970)  and  freeze-fracture  electron  microscopy  (Vail  and 
StoHery,  1979).  Similarly,  Bordon-Kasm  and  Steponkus  (1984)  prepared 
freeze-fractured  specimens  from  protoplasts  of  nonacd imated  Secale 
cereal e (rye)  leaves  after  osmotic  dehydration,  slow  freezing  and 
supercooling  to  the  same  degree.  A lateral  phase  separation  In  the 
plasma  membrane,  aparticulate  lamellae,  and  HII  were  observed  in 
osmotic  dehydration  and  slow  freezing.  Only  minor  lateral  phase 
separations  occurred  in  supercooling  to  the  same  temperature.  Because 
ice  formation  neven  took  place  in  supercooled  protoplasts,  they 
concluded  that  the  phase  change  was  a result  of  dehydration  and  not 
temperature. 

Additional  evidence  for  a phase  transition  at  low  levels  of 
hydration  has  been  found  in  anhydrobiotlc  organisms.  AnhyOrobiotic 
organisms  have  the  ability  to  survive  very  low  levels  of  hydration. 
Seeds,  spores,  pollen  and  lichens  (Simon,  1974)  as  well  as  the 
anhydrobiotlc  nematode,  Aphelenchus  avenae  (Crowe  and  Crowe,  1982), 
have  been  shown  to  exhibit  increased  viability  and  reduced  Ipaching 
If,  prior  to  rehydnatlon  in  a hypotonic  solution,  they  are 

at  a higher  relative  hinioity.  By  Simon's  theory,  this 


eguil ibrated 
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would  allow  for  a pnaae  chanje  in  the  nembrana  from  HII  to  the  rnora 
restrictive  lamellar  phase.  Mctersle  and  Stinson  (198D),  however, 
found  the  lamellar  phase  and  failed  to  find  the  XII  In  Lotus 
cornlcul us  seeds  at  very  low  moisture  levels. 

Comparisons  of  systems  with  and  without  the  ability  to  survive 
desiccation  are  useful  In  understanding  dehydration  damage.  Crowe  and 
Crowe  (1982)  found  that  when  the  anhyoroblotlc  nenatode  A,  avenae  was 
dried  slowly  to  moisture  levels  of  about  2X,  survival  was  much  greater 
than  those  which  were  quick*dried.  Biochemical  comparisons  of  the 
systems  revealed  that  greater  quantities  of  both  trehalose  and 
glycerol  were  produced  during  slow-drying  than  in  quick-drying,  and 
that  the  concentration  of  these  solutes  correlated  well  with 
survival.  Another  characteristic  of  this  anhydroOiotlc  system  was 
danonstrated  by  freeae-fracture.  In  sarcoplasmic  reticulLWi  from 
quick-dried  inviable-nematodes . the  phospholipids  appeared  to  be  in 
KII  while  those  of  slow-dried  viable-nematodes  were  In  laminar  form. 
The  authors  suggested  that  trehalose  and  glycerol  prevented  the  phase 
change  of  pbosphol ipids  from  laminar  to  HII  and  Improved 
ultrastructural  reconstitution, 

Clegg  et  a1 . (1982),  using  the  brine  shrimp  Artenia.  presented 
evidence  that  supported  a water  replacerenC  theory  for 
anhydrobiosis.  Polyhydroxy  cwipounds  replace  water  at  intracellular 
surfaces  In  desiccation-resi stant  organisms.  They  showed  a break  in 
curves  of  spin-lattice  relaxation  time,  spin-spin  relaxation  times  and 
self-diffusion  for  protons  when  plotted  against  moisture  content.  The 
break  occurred  in  each  curve  at  moisture  contents  in  the  range  of  20X, 


IB 

suggesting  that  there  was  a menbrane  phase  change.  The  authors 
hjgiotheslied,  that  at  low  water  contents  when  only  a tew  layers  of 
water  molecules  reeain  next  to  surfaces,  polyhydroxy  compounds  replace 
water  at  these  surfaces  and  the  "bound"  water  becomes  more  "free." 

Although  evidence  supports  the  existence  of  a membrane  phase 
change  at  water  contents  below  20%  moisture,  this  mechanism  of  damage 
cannot  be  used  to  explain  irreversible  wilting,  which  occurs  at 
relatively  high  moisture  contents  In  desiccation-intolerant  plants. 
SraalanI  and  livne  (1971)  dehydrated  tobacco  leaf  disks  to  various 
levels  and  then  floated  them  on  water.  Using  rate  of  rehydration  and 
leaching  as  indicators,  they  found  Irreversible  membrane  damage  when 
the  tissue  was  reduced  to  40t  of  fresh  weight  or  lass.  Mr  et  al. 
(1969)  egull ibrated  corn  roots  at  various  relative  himldltles  and 
found  that,  when  75X  of  the  water  had  been  lost,  they  were  no  longer 
viable. 

Shlpnan  et  al,  (1972)  suggested  that  damage  to  dehydrated  tissue 
may  also  occur  during  rehydratlon.  Steponkus  et  al . (19BI)  reviewed 
literature  with  regard  to  membrane  damage  during  thawing,  which  Is 
analogous  to  rehydratlon.  They  cited  observations  that,  after 
hypertonic  contraction  In  a cell  has  occurred,  the  exposure  of  the 
cell  to  a hypotonic  environment  causes  It  to  rapidly  expand  and 
lyse.  Similarly,  Harris  and  HcSrath  (1981)  photographed  a freeze-thaw 
cycle  In  llposones.  Upon  thawing  there  was  an  Increase  of 
vesiculatlon.  They  also  made  liposomes  with  trapped  glucose  and 
placed  thBB  in  various  hypertonic  solutions  of  NaCl.  As  the  molarity 
of  the  salt  solutions  increased,  so  did  the  release  of  glucose.  There 


was  a nuch  largar  flux  of  glucose  from  the  Hposcnes  following 
resuspension  into  the  isotonic  solution  than  during  initial 
contraction.  Following  lysis  there  was  a resealing  of  Che  llposcne 
and  restitution  of  osmotic  responsiveness, 

A hypothesis  which  is  often  represented  in  the  literature  is  that 
of  minimifn  voiine  as  proposed  by  Heryman  (ig68,  1971).  Heryman 
plotted  honatocric  readings  against  concentration  of  NaCI  and 
encountered  an  apparent  minlnium  voiune  at  about  0.8  H Nad.  He 
concluded  that  at  that  voiune  the  plasma  membrane  incurred  damage 
which  rendered  it  leaky  to  surrounding  solute  thereby  preventing 
further  voliane  reduction.  Hiest  and  SCeponkus  (1979)  replotted  the 
data  of  ferjman  using  a van't  Hoff  plot  (volume  versus  1/osnolal ity) 
and  produced  straight  lines,  indicating  that  there  was  no  minimum 
voliene  over  the  concentrations  used.  They  believed  damage  might  be 
more  closely  related  to  changes  in  the  membrane  surface  area  than 
voiine  of  the  cell.  In  an  ingenious  experiment,  Mo1  fe  and  Steponkus 
(1981)  separated  the  effect  of  voiine  changes  and  changes  in  membrane 
surface  area.  They  connected  a micropipette  to  a manometer  and  cowed 
an  Individual  protoplast  through  an  osmotic  gradient.  They  were  able 
to  control  the  surface  area  by  sucking  a portion  of  the  protoplast 
into  the  pipet.  They  reduced  tne  voiine  and  kept  the  surface  area 
constant  in  one  trial  and  In  another  they  reduced  both  the  volume  and 
the  surface  area  simultaneously.  They  found  Chat  the  viability  of  the 
protoplasts  correlated  to  a specific  surface  area  of  the  manbrane, 
regardless  of  Che  voiine. 


Steponkus  and  co-workers  (DoMgert  end  Stepcnkus,  L9S4;  Steponkus 
et  al.,  1983;  Wiest  and  Steponkus,  1979)  reported  the  changes  In 
surface  area  over  various  osmotic  regimes.  Protoplasts  of  spinach  and 
rye  were  hypotonlcally  expanded  to  the  point  of  lysing.  The  menbranes 
were  surprisingly  elastic  and  Increased  1,24  times  before  SOt  of  the 
protoplasts  lysed.  Protoplasts  first  nypertonically  contracted  (HCP), 
however,  to  a fractional  surface  area  of  0.55,  were  only  able  to 
recover  a fractional  surface  area  of  0.78  before  expansion-induced 
lysis  occurred.  Frcn  this  work  they  developed  the  term  "tolerable 
surface  area  Increment"  <TSAI]  and  TSAI9Q.  the  latter  of  which  denotes 
the  surface  area  increment  tolerated  by  SOt  of  the  cells.  They  noted 
that  acclimated  cells  had  a greater  TSAISO  than  did  nonaccllmated 
cells  and  concluded  that  this  increased  resilience  was  at  least  one 
adaptation  explaining  survival.  Steponkus  et  a1 . (1983)  presented 
electron  micrographs  conparing  acclimated  and  nonaccllmated  cells, 
donaccl imated  HCP  had  a greater  number  of  endocytotic  vesicles  than 
did  acclimated  cells.  On  the  other  hand,  hundreds  more  exocytotic 
vesicles  were  observed  on  the  surface  of  acclimated  HCP  than  on 
oonacci imated  HCP. 

Jensen  and  Oettmeler  (1984)  presented  evidence  Indicating  that 
dehydration  damage  Is  a result  of  the  increased  concentration  of 
solutes  to  the  point  of  toxicity.  They  proposed  from  their  study  of 
chloroplast  mmnbranes  that  channels  are  created  In  the  manbrane  by  the 
local  action  of  concentrated  salts  and/or  cryotoxicants.  They 
provided  evidence  that  the  ATP  synthetase  enzyme  was  denatured  at  high 
solute  concentrations. 


Changes  fn  pemeaOility  may 


fron  lipid  nidation  or  from 


formation  of  free  fatty  acids.  Bouzas  and  Karel  (19B4)  used  red  blood 
cells  for  a model  and  proposed  that  oxidation  of  the  menbrane  under 
dry  storage  conditions  nay  be  responsible  for  protein  and  phospholipid 
changes.  Polymerization  of  membrane  proteins  and  oxidation  of 
mmnbrane  lipids  would  be  expected  to  affect  permeability.  However, 
there  was  almost  no  evidence  of  these  reactions  at  the  onset  of 
storage.  Because  Irreversible  changes  In  texture  occur  during 
dehydration  of  plant  tissue,  well  before  storage,  other  mechanisns  are 
most  likely  responsible  for  changes  occurring  during  dehydration, 

Senaratna  et  a1 . (19B4)  evaluated  x*ray  diffraction  patterns  of 
microsomal  membranes  from  soybean  axes  at  6 hr  of  Imbibition 
(desiccation-tolerant  stage]  and  36  hr  of  Imbibition  (desiccation- 
intolerant  stage).  They  measured  an  increase  In  free  fatty  adds, 
which  they  correlated  to  an  Increase  In  the  phase  transition 
temperature  of  the  microsomal  membranes  from  7C  to  47C.  Habrey  and 
Sturtevant  (1977)  measured  a similar  Increase  of  about  20C  1n  the 
transition  temperatures  of  purified  phospholipids  in  muUllanellar 
agueous  suspensions  when  free  fatty  acids  of  equal  chain  length  were 
added  to  the  system.  Membrane  phase  change  to  a gel  would  certainly 
explain  loss  of  differential  permeiblllty.  This  mechanism,  however, 
cannot  be  used  to  explain  situations  where  there  are  no  measurable 
changes  In  the  composition  of  the  membrane. 

Stewart  and  Bewley  (1982)  conpared  lipoxygenase  activity  and 
changes  In  phospholipid  satunatlon  between  desiccation-tolerant 
Tortula  ruraHs  and  desiccation-intolerant  moss  Cratoneuron 


fn Iclnan.  Tortula  ruralis  exhIbIteQ  lower  lipoxygenase  activity 
during  dehydration  and  remained  low  1n  rehydration;  whereas 
lipoxygenase  activity  in  desiccatlon-interol ant  moss  fll Icinixn 
increased  to  the  level  of  the  undesiccated  control  shortly  after 
rehydration.  They  postulated  that  suppressed  lipoxygenase  activity  in 
T.  rural  is  aided  in  its  ability  to  revive  upon  rehydration.  They  al so 
measured  a greater  increase  of  unsaturated  fatty  acids  during 
rehydration  of  C.  filiclnim  than  T.  ruralls.  They  could  not,  however, 
show  any  correlation  between  phospholipid  saturation  and  luenbrane 
peniieabillty. 

Sterling  (1963)  and  Reeve  (1970)  attributed  a great  deal  of 
importance  to  the  middle  lamella  and  texture.  Despite  the  importance 
of  this  intercellular  cement,  not  much  attention  has  been  given  to  its 
fate  during  dehydration.  Because  it  is  ccmposed  of  highly  hydrated 
pectic  polymers,  dehydration  would  be  expected  to  adversely  affect  its 
stability. 

HoldSHorth  (1971)  attributed  the  textural  changes  resulting  from 
dehydration  to  an  Increase  in  cell  wall  crystallinity.  Crystallinity 
is  the  extent  to  which  the  molecule  exhibits  well-defined  and 
syninetricsl  planes.  The  effect  that  dehydration  has  on  this  highly 
hydrated  matrix  of  cellulose,  nem1ce11 u1ose,  pectins,  etc,  has  been 
studied  (Sterling  and  Shimaiu,  1961;  Shimaau  and  Sterling,  1961). 

Using  x-ray  diffraction,  enaymatic  degradation,  iodine  tests  and  other 
methods,  they  showed  that  cellulose  crystallinity  Increases 
upon  dehydration  end  that  the  increase  is  Irreversible.  They 
describe  the  increase  in  crystell inity  as  an  increase  In 
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polysaccnaride-polysaccharlde  bonds  reolsclng  pslysaccnarido-Mter 
bonds,  as  »aur  is  removed.  As  Che  crystallinity  of  Che  ce11  mI1 
increases,  the  ^ility  it  has  to  rehydrate  decreases.  The  authors 
attributed  loss  of  fresh  texture  in  dehydration  to  Che  failure  of  the 
ceil  wall  to  take  up  water  and  regain  its  original  shape. 


(>iality  ftetentlon  and  Dehydration  of  Celery 
AnhyOrobiosis,  the  ability  to  survive  desiccation,  is  a property 
of  some  plants  (Hallam  and  Saff,  1978),  sane  animals  (Clegg  et  al., 
19BD;  Crowe  and  Crowe,  1982),  and  seeds  (Simon,  1974).  Celery  does 
not  exhibit  that  ability  and  is  irreversibly  changed  during  water 
removal.  Attempts  have  been  made  both  to  understand  this  damage  and 
CO  minimize  it. 

Freeze  drying  (Neman,  1972),  polyacrylamide  crosslinking 
(Schwinmer,  1969).  and  puff  drying  (Wilson,  1965)  have  been  employed 
as  other  means  of  avoiding  collapse  of  cell  walls.  Upon  rehyOration, 
celery  crescents  regained  much  of  their  fresh  weight  and  volme. 
However,  these  drying  technigues  resulted  In  textural  changes  which 
render  them  soft  and  flaccid  (Neman,  1972), 

Osmotic  dehydration  and  infusion  of  tissue  with  low  molecular 
weight  osmotica  have  been  used  with  some  success  (Poncing  et  al., 
1966).  Rahman  et  al . (1976)  produced  an  Intermediate  moisture  celery 
by  treating  celery  pieces  with  various  concentrations  of  glycerol 
prior  to  air  drying  at  43C.  The  pieces  infused  with  glycerol  were 
more  rigid  and  more  acceptable  than  freeze  dried,  puff  dried  or 
untreated  hot-air  dried  pieces,  but  were  only  about  33X  as  rigid  and 


acceptable 
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w«re  less  acceptable  than  fresh  celery.  Solute  contamination  and  loss 
of  soluble  solids  are  also  problems  associated  with  infusion  and 
osmotic  dehydration. 

Cantrand  et  a1 , <1968)  used  a calcium  pectate  membrane  to  protect 
several  footl  systems  frcm  solute  contamination  and  loss  of  soluble 
solids  durin9  osmotic  dehydration  In  sucrose.  The  combination  of  the 
protective  membrane  and  osmotic  dehydration  resulted  in  tissues  with 
physical  and  orpanoleptic  properties  that  someehat  resembled  those  of 
fresh  tissue.  They  reported  that  the  membrane  was  more  effective  in 
both  avoiding  solute  contamination  and  loss  of  soluble  solids  for 
animal  systems  than  for  plant  systems. 

Hater  removal  affects  many  aspects  of  cell  structure  and  thereby 
changes  testure.  The  purpose  of  this  study  was  to  identify  and 
evaluate  changes  at  the  structural  and  ccmpositlonal  level  in  order  to 
understand  the  mechanisn  of  irreversible  textural  changes  during 
dehydration,  as  postulated  in  the  following  section  on  theory 
formation. 


THEORl'  FORMATION 


Cell  Mill  and  MldCle  Latiella  Crystal  1 tnitv 

Propositions 

1.  Crystallinity  of  cell  wall  anO  middle  lamella  polymers 
Increases  during  dehydration  (Sterling  and  Shimazu.  1961). 

2.  Ethanol  solutions  destroy  the  differential  permeability  of 
cell  membranes  (Grisham  and  Barnett,  1973;  Hubbel  et  a1.,  1970). 

3.  Wdulus  of  elasticity  can  be  measured  by  the  Instron 
Ifniversa!  Testing  Machine  as  ^ indication  of  rigidity  (Hohsenin, 
1970). 

Assumptions 

1.  The  process  of  moisture  removal  by  exposure  to  various 
concentrations  of  polyethylene  glycol  of  Known  a,,‘5  produces  uniformly 
dehydrated  tissue  without  the  complicating  factors  of  temperature  in 
hot-air  dehydration.  The  loss  of  solutes  to  the  surrounding  solution 
may  have  an  effect  on  texture, 

2.  Ethanol  treatments  can  be  used  to  separate  the  role  of  the 
surrounding  intact  cell  walls  and  middle  lamella  fron  the  role  of  the 
membrane  in  celery  texture. 

3.  Changes  in  ce1'  wall  and  middle  lamella  crystallinity  can  be 


using  transmission  electron  microscopy. 


26 

4.  Dthyflratlofi  of  celery  tissue  using  the  conventional  hot-air 
method  can  De  used  to  produce  a standard  of  crystallinity  In  the  cell 
»al1  and  middle  lamella.  Crystallinity  may  appear  as  clumping  of 
nicroflbrlls  In  the  cell  wall  and  as  loss  of  cementing  ability  In  the 
middle  lamella. 

Inference 

The  role  of  the  cell  wall  and  middle  lamella  crystdil Inity  on 
texture  can  be  Investigated  by  relating  the  crystallinity  detected  1n 
electron  microscopy  with  the  modulus  of  elasticity  fi^  the  Instron 
Universal  Testing  Hachine  at  various  water  activities.  Information 
from  tissue  with  membranes  altered  In  20t  ethanol  should  be  useful  in 
separating,  at  least  in  part,  the  role  of  the  cell  wall  and  middle 
lamella  from  that  of  the  tonoplast  and  plasma  membranes. 

Biophysical  Changes  In  the  Plasma  and  Tonoolast  Membranes 
Propositions 

1.  Nsmbrane  permeability  Is  altered  by  dehydration  (HcKersle  and 
Stinson,  I960)  and  leakage  of  cell  solutes  Is  an  indication  of 
permeability  (HacRobbte,  1971). 

2.  Ethanol  solutions  destroy  the  differentia!  permeability  of 
cell  membranes  (Grisham  and  Barnett,  1973;  Hubbel  et  a1..  197D). 

3.  modulus  of  elasticity  as  measured  by  the  Instron  Universal 
Tasting  machine  is  an  Indication  of  rigidity  (Itihsenln,  1970). 

a.  Fine  structure  of  plant  tissue  at  various  levels  of 
dehydration  may  be  examined  with  transmission  electron  microscopy 
(Hallam  and  Gaff,  1978). 
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5.  Haxlmijin  cell  vfllune  occurs  at  full  turgor.  Differences  in 
turgor  are  reflected  in  cell  size  and  consequently  volume  of  the 
tissue  [Vickers,  1979). 

Ass  umptions 

Damage  to  the  cell  menOrane  during  moisture  removal  can  be 
examined  oith  regard  to: 

a.  leakage  from  tissue  prepared  at  various  water  activities,  and 

b.  the  point  in  moisture  removal  where  damage  to  the  plasma 
membrane  and/or  tonoplast  is  irreversible. 

The  preceding  observations  will  be  compared  with  textural 
measurements  to  determine  correlation  between  texture  and  the 
condition  of  the  plasma  membrane  and  tonoplast. 

Inference 

By  evaluating  evidence  of  manbrane  damage,  using  turgor,  modulus 
of  elasticity,  leakage  and  electron  microscopy,  the  level  of  moisture 
removal  ^ere  damage  is  irreversible  can  be  determined. 


HATERIALS 


HETHODS 


Scope  of  Horlc 

Figure  A outlines  the  experinentel  design  of  this  stud>.  Ar 
overvleH  of  the  esperlmentel  design  Mill  follow;  Celery  petioles  were 
harvested,  cooled  In  the  field,  and  stared  in  a cooler  until  sample 
preparation.  At  the  tine  of  sample  preparation,  petioles  were  cut 
Into  0,S  on  cross-sections  (crescents).  In  order  to  separate  the 
effect  of  cellular  membranes  from  cell  walls  on  texture,  a treatment 
was  devised  which  Impaired  membrane  Integrity  but  had  no  apparent 
effect  on  wall  Integrity.  Half  the  celery  crescents  were  pretreated 
with  an  ethanol  solution,  which  Impaired  menbrane  Integrity,  and  half 
were  pretreated  with  distilled  deionized  water  (DDM2O}.  After  the 
pretreatment,  samples  of  the  bathing  solutions  were  taken  for  leachate 
evaluation  to  determine  the  effectiveness  of  the  plasma  and  tonoplast 
membranes  as  diffusion  barriers,  and  the  crescents  were  osmotlcally 
dehydrated  in  eight  concentrations  of  polyethylene  glycol  8000  (PES) 
of  known  water  activities  (a^'s).  A total  of  16  treatments,  8 
osmotica  times  Z pretreatments,  were  used.  Fresh  celery  crescents 
were  hot-air  dried  for  comparison.  Minerals,  amino  acids  and 
conductivity  were  measured  In  the  dehydration  solution  as  an 
Indication  of  membrane  Integrity.  The  crescents  were  then  rehydrated 
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rehydration  solution  was  also  evaluated  for 


Figure  4,  now  diagram  of  experimental  procedure. 


nitieraU,  amino  acids  and  conductivity.  Modulus  of  elasticity  and 
piece  height  of  the  rehydrated  crescents  was  measured  for  each  of  the 
16  treatments,  Ccmparisons  between  modulus  of  elasticityi 
ultrastructure  and  membrane  Integrity  were  made  between  all  16  of  the 
treatments  and  a hot-air  dried  treatment. 

Sample  Preparation  and  Treatments 
At  each  preparatory  step  attempts  were  made  to  minimize  sample 
variation.  Similar  sized  celery  petioles  (1.5-S.5  cm  diaoeter)  of  the 
variety  [N-66-Z9]  grown  in  the  same  area  were  harvested  from  a major 
Florida  grower  in  Zellwood  (A,  Duda  and  Sons),  triiimed  and  placed  on 
Ice  in  coolers  in  the  field.  The  harvest  took  place  in  the  morning  to 
minimize  field  heat.  Petioles  were  transported  to  the  University  of 
Florida,  Gainesville,  and  stored  leaf  end  up  In  loosely  closed 
containers  at  1.7C  until  experimental  use.  The  following  day,  celery 
petioles  of  similar  thickness  (1.S-Z.6  cm  diameter!  and  color  were 
selected  from  3 to  4 plants,  cleaned  and  triiimed.  Crescents  of  0.6  cm 
thickness  were  made  fnxn  the  middle  portion  using  a cutter  with  sharp 
replaceable  blades  affixed  0,5  cm  fran  a face  plate.  Two  additional 
runs  using  the  same  lot  of  celery  fallowed  at  2 week  Intervals.  A run 
consisted  of  preparation,  pretreatment,  dehydration,  rehydration  and 
the  analyses  of  crescents  and  leachates. 

Pretreatment 

In  order  to  determine  the  effect  of  membrane  integrity  (Integrity 
of  tonoplast  and  plasma  membrane)  a pretreatment  of  201  ethanol,  which 
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has  been  shown  to  Imgair  membrane  Integrity  (Srlsham  and  Barnett, 
1973),  preceded  dehydration,  Grisham  and  Barnett  (1973)  used  electron 
spin  resonance  to  compare  the  effect  of  various  alcohols  on  the 
membranes  of  lamb  kidney  cells.  For  every  alcohol  tested  the 
concentration  of  alcohol  required  to  Inhibit  (Ka*  * K*)-ATPase 
correlated  with  the  inability  of  the  membrane  to  orient  an  androstanol 
probe.  Maximal  perturbations  were  induced  by  ethanol  concentrations 
of  201.  Using  the  androstanol  probe,  they  concluded  that  denaturation 
of  the  ATPase  resulted  from  changes  In  the  Hold  structure  rather  than 
from  a direct  Interaction  of  the  alcohol  and  the  manbrane  protein.  If 
ethanol  were  effective  In  disrupting  membrane  structure  (as  It  was 
shown  to  be  In  the  case  of  sheep  kidney  cells)  of  celery  petiole  cells 
without  altering  cell  walls  and  the  middle  lamellae,  then  the  effect 
of  membrane  Integrity  on  physical  properties  could  be  measured. 

Sixteen  groups  of  20.5  ♦ O.S  g each  (about  20  crescents)  of  fresh 
crescents  were  accurately  weighed  and  placed  In  each  of  IG  Fleakers 
(Corning,  Corning,  NV)  half  of  which  contained  250  g of  203  ethanol 
and  half  of  which  contained  250  g DOHjO.  A shaker  continuously 
agitated  the  Fleakers  in  a circular  motion  at  about  one  revolution  per 
sec  for  5 hr  (estimated  penetration  time)  at  5C.  Penetration  time  of 
ethanol  was  estimated  by  using  2 drops  of  an  ethanol  soluble  stain,  is 
methylene  blue,  In  the  bathing  solution  of  a test  flask  containing  100 
ml  of  20S  by  weight  ethanol  and  5 crescents.  The  crescents  were 
entirely  blue  after  5 hr. 

The  crescents  were  removed  from  the  pretreatment  Fleaker  with  a 
nylon  net.  blotted  on  ashless  filter  paper  and  weighed  Immediately  In 
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preparation  for  the  dehydration  step.  Crescents  in  one  of  the  DOH2O 
pretreatnents  and  1n  one  of  the  ethanol  pretreabeents  xere  maintained 
in  DDH^O  throughout  dehydration  and  rehydration.  Crescents  and 
leachates  from  these  Fleaters  Mere  used  to  evaluate  the  effect  of 
pretreatment , 

Evaluation  of  Pretreatwent  Effect  on  Wgehrane  Integrity 

After  pretreatment,  leachate  aliquots  of  40  g were  taken  from 
each  flask,  filtered  using  0,45  u Alpha  Hetrice!  4S0  filters  (Gelman, 
Ann  Arbor,  KI),  divided  between  two  20  ml  plastic  scintillation  vials 
and  stored  at  5C  until  use  (not  more  than  5 days). 

Leachate  evaluation  as  an  Indication  of  membrane  integrity 
consisted  of  conductivity,  K,  Ha,  Hg,  Ca  and  amino  acid 
measurements.  Conductivity  was  measured  using  a fSI  Model  31 
conductivity  meter  (fellow  Springs,  OH).  Mineral  solutions  were 
prepared  by  accurately  weighing  approximately  20  g of  each  of  the 
leachate  samples  and  fresh-tissue  samples  and  oven  drying  them  In 
50-m1  Pyrex  beakers.  The  beakers  were  transferred  to  a muffle  furnace 
and  held  at  300C  for  1 hr  followed  by  60QC  tor  10  hr  or  until  only 
white  ash  remained.  Samples  with  higher  concentrations  of  PEG  were 
more  difficult  to  ash  and  required  more  time  at  60DC.  After  cooling, 
the  ash  was  dissolved  in  2 ml  of  concentrated  HC1  and  then  brought  up 
to  10  ml  with  DDHjO,  mixed  and  transferred  to  20  ml  acid-cleaned 
plastic  vials  In  preparation  for  mineral  analysis  at  the  University  of 
Florida  Extension  Soil  Testing  Laboratory.  Flame  emission  was  used 
for  da  and  K and  atomic  absorption,  for  Mg  and  Ca,  according  to  tne 
methods  of  Mitchell  and  Rue  (1979).  Ory  weight  of  celery  was  measured 


by  accLirat«1y  neighing 
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appreilTataiy  10  g of  tissue,  drying  the  tissue 
tor  6 hr  at  lOOC,  then  for  6 hr  at  lOOC  and  -172  HPa.  The  dried 
tissue  was  then  cooled  In  a desiccator  and  analytically  weighed. 
Percent  of  total  content  of  each  component  in  the  leachate  was 
calculated  Oy  dividing  the  observed  ug  conponents/g  dry  celery  In  the 
leachate  over  the  total  pg’s  component/g  dry  celery  In  fresh  celery. 

Free  amino  add  concentration  was  determined  using  an 
orthopthal aldehyde  (OPA)  method  (Anon.,  igasb)  nooifled  for 

a tluorophor  (Sehson  and  Hare,  1975).  It  also  reacts  with  peptides  and 
proteins.  The  measureoients  made  were  considered  to  be  relative 
estimates  of  amino  acid  flux  and  not  absolute  tneasurenents . A 
spectrophotonetrlc  scan  was  used  to  confirm  340  rm  as  the  absorbance 
maxlmun  of  the  OPA-amiho  add  complex  (Roth,  1971).  Distilled 

made  ranging  from  0.K5  pN/nl-O.TS  JMn\.  Concentration  was 
calculated  froi  the  equation  of  the  line  fit  to  the  standards  (r^  ■ 
0.995).  Total  amino  acids  In  celery  were  determined  by  homogenliing 
equal  weights  of  boric  add  buffer  and  tissue  in  a high  speed  Maring 
blender  for  3 min  after  idilch  the  homogenate  was  centrifuged  at 

manner  as  the  leachates  were.  Anino  add  content  was  reported  as 
percent  leached  of  total  amino  adds  or  100  x uM  leached/g  dry  celery 
over  total  uN/g  dry  celery. 


Pretr«atinent  means  were  calculated  for  the  percent  leached  of 


total  for  amino  adds,  conductivity  and  minerals.  The  means  were 
compared  using  t-intervals  (s/2  • 0.02S)  (Ryan  et  al,,  1932). 

Ultrastructural  observations  were  made  on  celery  tissue  from  both 
pretreatments  and  fresh  tissue  fixed  in  the  field  using  the  methods 
descrioed  in  the  dehydration  and  rehydration  section.  Comparisons  of 
menhrane  integrity  and  cell  wall  structure  were  made  between 
pretreated  tissue  and  fresh  tissue. 

Evaluation  of  Pretreatment  on  Physical  Properties 

hodulus  of  elasticity  taken  at  the  initial  straight  line  portion 
of  the  stress  strain  curve  (Mohsenin,  1970)  is  indicative  of  stiffness 
and  rigidity.  When  the  stress  strain  curve  is  not  linear,  the  slope 
of  the  line  drawn  from  the  origin  to  a predetermined  point  on  the 
stress  strain  curve  (secant  modulus)  may  be  evaluated  (nohsenin, 

1970).  In  this  study  secant  moduli  were  calculated  using  the  slope  of 
the  line  drawn  from  the  origin  to  the  intercept  at  5 lb  (22.2  K)  on 
the  force  versus  deformation  curve  (Figure  5)  in  the  following 
equation; 

Pf  elasticity  (3) 

A ■ cross*$ectiona1  area  of  the  crescent  in  contact  with  the 

d > crescent  deformation  (distance  traveled  by  the  mil), 

L • initial  crescent  height. 

Force  versus  deformation  curves  were  made  using  an  Instnon 
Universal  Testing  Machine  (Canton,  MA).  The  Instnon  was  calibrated  at 


Figure  5.  Typical  force  detornatlon  curve  for  Intemiediate  moisture 


Pounds  Force 
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Deformolion  (hundrelhs  of  an  inch) 


full  scale  reading  of  444. S N (100  lb} 


chart  speed  of 


5.08x10'^  K/5BC  ana  a crosshead  speed  of  8.47x10"®  H/sec  (0.3  in/mln) 
using  an  anvfl  of  5.7x10"^  M In  diameter. 

Because  cell  site  decreases  uhen  turgor  decreases,  crescent 
height  »as  expected  to  be  affected  by  any  change  in  turgor.  Calipers 
•ere  used  to  measure  piece  height  following  pretreatment.  Means  (from 
17-30  crescents/pretreatment)  of  modulus  of  elasticity  and  piece 
height  were  made  for  each  of  the  pretreatments.  Pretreatment  means 
were  compared  using  t-intervals  (s/2  > 0.035)  (Ryan  et  a1  .,  1984). 

Dehydration  and  Behydration 

Osmotic  dehydration  was  selected  as  a method  of  water  removal 
because  temperature  effects  could  be  avoided  and  final  a,  could  be 
controlled.  Osmotic  dehydration  Is  typically  done  with  solutions  of 
small  molecules  such  a sucrose.  Imall  molecules,  however,  contaminate 
the  tissue.  Polyethylene  glycol  SOOO  (PCS)  (Union  Carbide,  Newark, 

NJ)  is  a highly  soluble  polymer  and  can  be  mixed  with  water  to  produce 
solutions  of  known  a„  (McClendon.  ig71).  Using  Che  criteria  of 
Carpita  et  a1 . (1979),  PE8  8000  was  shown  to  draw  moisture  frtm  the 
cell  without  penetrating  the  cell  wall.  Eight  osmotica  were  made 
accordihg  to  Table  1,  as  determihed  by  KCIendon  (1971)  and  converted 
by  equation  3.  HtClendon's  values  were  very  close  to  those  determined 
In  this  study  using  Westcor  Soil  Psychremeters  (Logan,  UT). 

Both  ethanol  and  OOHjO  pretreited  samples  (a  total  of  16 
Fleakers)  were  transferred  to  500  g of  the  eight  osmotica  in  1000  ml 


Table  1. 


activity  of  various  solutions  of  PEG. 


Concentration  of  PEG  (9/IOOO  g H2O) 


0 100  2SO  400  SOO  600  800  IDOfl 


l.QOO  0.999  0.995  0.987  0.980  0.970  0.948  0.920 


Heakers  ano  Oebydrated  for  13  hr  at  22C  as  described  in  tne 
pretreatmenC.  In  preliminary  studies,  crescents  dehydrated 
approximately  13  hr  in  0.920  before  no  weight  change  was 
detectable.  The  equilibrated  samples  were  retrieved  from  the  PEG 
solution  with  a nylon  net,  rinsed  10  sec  in  ODHjO  to  free  than  from 
the  viscous  PEG.  blotted  on  ashless  filter  paper  and  weighed.  The 
rinsing  and  blotting  removed  the  majority  of  the  PEG.  Percent  weight 
retention  upon  dehydration  (100  x g dehydrated  tlssue/original  g fresh 
tissue)  was  calculated  and  t-intervals  for  the  values  were  made 
{0/2  • 0,025]  (Ryan  et  al,,  1982).  Leachate  samples  were  taken  and 
treated  as  described  in  the  pretreatmenC  section. 

The  partially  dehydrated  samples  were  then  rehydrated  in  250  9 
ODH^O  at  5C  in  8 hr  (the  time  required  to  bring  crescents  to  a 
constant  weight),  using  continuous  agitation,  as  in  the 
pretreatment.  Crescents  were  blotted,  weighed  and  40  9 leachate 
samples  ««re  taken  and  treated  as  described  In  the  pretreatment 
section.  Percent  weight  recovery  upon  rehydration  (100  x g rehydrated 
tlssue/original  g fresh  tissue)  was  calculated  and  t-intervals  for  the 
values  of  the  3 runs  were  made  (o/2  ■ 0.025). 


Evaluation  of  Deftydratlon  and  Rehydratloi^  Effect 


LaaKage  and  nmDrane  appearance  as  visualized  using  transmission 
electron  microscopy  (TEH)  uere  used  as  parameters  of  membrane 
integrity.  Mineral  composition  in  leachate  and  fresh  celery  was 
evaluated  as  described  in  the  pretreatment  section.  Conductivity  and 
amino  acid  concentration  aere  also  measured  as  described  above. 
Separate  conductivity  standard  curves  were  made  for  each  PEG  solution 
by  using  various  concentrations  of  NaCI.  The  values  were  used  to 
correct  for  the  conductivity  of  PEG  solutions.  Each  of  the  canponents 
was  reported  as  a percentage  of  the  maiimun  observed  leakage  during 
dehydration. 

The  mean  response  of  each  leachate  component  versus  concentration 
of  PEG  (a„)  were  compared  for  dehydration  leachates  frm  ethanol 
pretreated  samples  and  OOHjO  pretreated  samples  using  linear 
regressions  (Freund  and  Uttell,  1981).  The  differences  between  the 
mean  responses  of  the  pretreatment  lines  were  tested  to  determine  If 
they  were  significant,  and  the  slopes  were  tested  to  detensine  if  they 
were  significantly  different  from  0.0. 

Plots  of  concentration  of  each  leachate  component  In  the 
rehydration  solution  versus  the  a,  at  which  the  crescents  were 
previously  dehydrated  were  made.  Leachate  cohcentration  for  each 
treatment  was  compared  to  the  control  using  a one-sided  t-test 
(a  ■ 0.05)  (Ryan  et  al  1982). 

Crescents  from  each  of  the  16  treatments  were  fived  2.5  hr  in  0.5 
strength  Karnovsky's  (1965)  fixative  followed  by  2.5  hr  1n  Zl  OsOa  in 


cacMylate  buffer  {0.1  H-pH  7.2)  (Hayat,  1981). 


dehydrated  1ti  an  ethanol  series  (IS  n1n  in  251,  IS  min  in  501,  45  min 
in  751  with  21  uranyl  acetate,  3 rinses  in  751,  15  tin  in  951,  16  min 
in  1001.  45  min  in  1001),  then  in  an  acetone-Spurr' s nesin  series 
(Spurr,  1969)  prior  to  hardening  at  60C  for  9 hr.  Sections  of  70-80 
rm  (silver  to  gold)  «re  made  using  glass  knives  on  an  U3  ultratone 
III.  Ultrathin  sections  received  21  uranyl  acetate  then  lead  citrate 
poststains  (Reynolds.  1963).  each  for  0.5  hr.  Observations  and 
micrographs  were  made  using  a Hitachi  HU  115  or  Phillips  301 
microscope  operated  at  75  and  60  XV.  respectively.  Micrographs 
selected  were  representative  of  observations  of  approninately  80 
cells. 

Evaluation  of  Dehydration  and  Rehydration  Effect 

As  soon  as  rehydratlon  was  complete,  each  celery  crescent  was 
carefully  placed  on  an  ink  blotter  and  an  impression  was  made  on  a 
white  sheet  of  paper.  The  impression  was  later  traced  with  a polar 
planlneter  to  determine  cross-sectional  surface  area.  The  final 
height  was  measured  using  calipers. 

Crescents  were  hot-air  dried  to  about  51  moisture  in  order  to 
obtain  prepared  walls  of  increased  crystallinity  (Sterling  and 
Shinazu.  1961)  for  physical  and  ul trastructural  comparisons. 

Modulus  of  elasticity  of  the  crescents  was  measured  using  the 
Instron  Universal  Testing  Machine.  Instron  data  analysis  was 
Identical  to  that  described  for  pretreated  crescents.  The  means  and 
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t-1ntervals  (a/2  • 0,025]  sf  irodulus  of  elasticity  were  calculaceil 
from  l?-20  crescents  from  each  treatment  (Ryan  et  al.,  19M). 

Tissue  fron  tiot-air  Oriefl  crescents  was  prepared  for  TEM  as  was 
tissue  from  crescents  of  each  pretreatment.  The  same  preparation  for 
TEH  was  used  for  cell  wall  observation  as  was  used  for  membrane 
integrity  with  the  exception  of  the  addition  of  0.15%  ruthenium  red  to 
Ootn  fixes.  Alternatively,  the  ultrathin  sections  were  poststained 
according  to  the  method  of  Hoch  (1977),  which  enhances  visual iiation 
of  polysaccharides  of  the  cell  wall,  Micrographs  selected  for 
presentation  are  representative  of  at  least  <!0  Mserved  cells.  Cell 
walls  and  middle  lamellae  were  examined  in  tissue  fron  each  treatment 
on  a Hitachi  HU  HE  or  a Phillips  301  electron  microscope  for  signs  of 
crystallinity,  such  as  irregular  wall  thickness  and  clumping  of  the 
micro  fibrils. 


RESULTS  AND  DISCUSSION 


UUrastructursI  and  pNysical  changes  vhtch  occur  as  a result  of 
dehyoratlon  and  rehydration  of  celery  «ere  evaluated.  The 
contriOutions  of  the  cell  membrane  and  cell  wall  to  rigidity  were 
separated  and  a level  of  a^,  was  determined  below  which  water  could  not 
be  removed  and  then  added  back  to  obtain  rigidity  similar  to  that  In 


Effect  of  Pretreatments 

Crescents  precreated  In  ethanol  were  visually  similar  to  those 
pretreated  in  DDHpO*  Crescents  pretreated  In  ethard  were,  however, 
more  pliable,  appeared  a slightly  deeper  green  and  reflected  less 
light  than  crescents  pretreated  In  DDUjO. 

Effect  of  Pretreatnent  on  Hewtftrane  tntegr^^ 

Leachates  from  crescents  pretreated  with  201  ethanol  were 
conpared  to  leachates  from  crescents  pretreated  with  ODHjO  (Figure 
6).  Two  and  a half  to  6 tines  more  of  each  leachate  conporent  was 
measured  In  the  bathing  solutions  when  crescents  were  pretreated  with 
2W  ethanol.  Crescents  pretreated  Ir  ODKjO  leached  very  low 
duartltles  into  the  bathing  solution.  This  Indicated  that  ethanol  was 
effective  In  disrupting  cell  membrane  function.  Losses  of  the  various 
components  ranged  from  S-AOI  of 


the  total  conponent  In  the 
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A Urger  portion  of  the  nineroH  night  be  expected  to  be  lost  to  the 
bathing  solution,  if  there  «iere  no  barriers  to  diffusion,  however,  if 
the  ethanol  pretreatnent  resulted  in  an  increased  fomation  of 
vesicles,  some  of  the  minerals  and  amino  acids,  etc.  could  be  trapped 
in  these  vesicles  and  prevented  frcn  leaching  into  the  bathing 
solution.  Alternatively  ethanol  nay  render  the  menbrane  "leaky, “ but 
not  totaliy  Ineffective  as  a diffusion  barrier.  In  this  case, 
equilibration  between  cellular  contents  and  the  bathing  solution  night 
take  substantially  longer  than  the  S hr  pretreatnent  period. 

Cell  wall  junctions  of  DDHjD  and  ethanol -pretreated  tissues  are 
compared  in  figure  7.  Tissue  frcn  fresh  crescents  had  intact  ceil 
wa1is  and  middle  lamellae  with  no  evidence  of  wall  collapse  and  almost 
no  distontion.  Host  of  the  cells  observed  had  intact  plasma, 
tonoplast  and  organelle  membranes.  Likewise,  most  cells  in  tissue 
that  was  DDHjO  pretreated  and  not  dehydrated  exhibited  these 
characteristics.  However,  good  preservation  of  more  cells  resulted 
when  tissue  was  fixed  in  the  field  than  when  tissue  was  fixed  after 
0DII20  treatments.  The  latter  tissue  received  a treatment  at  l.DOQ  a„ 
and  p1 asmol ysi s in  the  fixative  may  be  an  explanation  for  the 
difference  in  the  numbers  of  cells  with  well-preserved  plasma  and 
tonoplast  membranes.  Integrity  of  the  cell  wall  microfibrils  and 
middle  lamellae  appeared  unchanged  by  the  DOH^O  or  ethanol 
pnetreatment.  Since  ethanol  may  precipitate  pectins,  it  may  have  had 
an  effect  on  the  cell  wall  which  was  not  detected.  Mstortion  of 
membranes  and  cytoplasm  into  vesicles  was  coimnon  in  ethanol-pretreated 
tissue  and,  in  many  sections  of  cells,  all  that  remained  was  an  empty 


Conparlson  of  cell  wall  Junctions  of  ODH^O-pnetreated 
tissue  (above)  and  ettianol -pnetreated  tissue  (below). 
Mitnoflbnils  appear  in  tnansverse  cross-section  (above)  and 
longitudinal  section  (below).  C ■ c/toplasn,  NL  ■ middle 
lamella.  PL  ■ plasmalemna,  CW  = cell  wall , and  T • 
tonopl ast. 
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cell  Mail.  In  no  case  did  tissue  ^retreated  Hith  ethanol  exhloit 
intact  plasma  membranes,  tonoplasts  or  cytoplasm.  The  extensive 
disruption  of  membrane  systems  observed  in  ethanol-pretreated  tissue 
may  be  a direct  result  of  the  pretreatment  or  may  have  resulted  during 
fixation,  after  the  membranes  were  predisposed  to  further  damage  by 
the  ethanol  pretreatment.  The  results  of  TEH  and  leachate  evaluation 
indicate  that  EIK  ethanol  impaired  membrane  function,  but  are  not 
conclusive  evidence  as  to  the  nature  of  the  damage. 

Effect  of  Pretreatment  on  Physical  Properties 

Loss  of  membrane  integrity  also  resulted  in  physical  changes. 
HoOulus  of  elasticity,  as  measured  by  the  Instron  Universal  Testing 
Machine,  was  S.5  t 0.7  MPa  for  DDH^O-pretreated  crescents  and  less 
than  a third  of  that  value  (1.4  t 0,2  MPa)  for  ethanol-pretreated 
crescents.  Piece  height  was  significantly  Tower  when  samples  were 
pretreated  with  ethanol  (0.55  t 0.07  on)  than  with  OOHjO  (0.59  t 
0.01  cm)  (Figure  8).  Since  in  TEH  examination  of  OBijO-pretreated  and 
ethanol-pretreated  crescents  neither  the  middle  1ame11a  nor  the  cell 
wall  exhibited  distortion  or  clumping  (Figure  7),  it  is  likely  that 
changes  in  membrane  integrity  were  mainly  responsible  for  the  observed 
physical  changes. 


Dehydraclon  and  Rehvdration 

Crescents  from  both  ethanol  and  ODK2O  pretreatments , dehydrated 
to  an  a,  of  0.920,  were  shrunken.  Crescents  treated  only  with  DDHjO 
and  not  dehydrated  had  a fresh  firm  apoearance.  After  rehydration, 
crescents  dehydrated  to  the  lower  a^’s  recovered  about  80J  of  their 
original  fresh  weight  and  were  flaccid.  Out  did  not  appear  shrunken. 


Figure  e.  Comparison  of  pretreatment  effect  on  inodulus  of  elasticity 
aod  piece  height.  Bars  indicate  t-lntervals  from  17-20 
observations. 
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Effects  of  Cariirolle')  Water  Re»w»1  on  Maibrane  integrity 


The  effect  of  denyOretion  on  leakage  for  each  pretreatjnent  1s 
siymarlaed  In  Figures  9-14.  If  dehydration  impaired  membrane 
Integrity  as  ethanol  pretreatment  was  shown  to  do,  an  Increase  in 
leachate  components  would  be  expected  as  dehydration  progressed  to 
lower  levels  of  a„  or  at  a critical  a„  where  membrane  damage  night 
occur.  For  each  of  the  pretreatments,  amino  acids  and  conductivity 
did  increase  slightly  as  a^  decreased  {Figures  9 and  10).  However, 
there  was  no  'critical  a^'  below  which  leachate  concentration 
increased  and  at  no  point  did  the  concentration  of  amino  adds  and 
conductive  components  In  Che  leachate  of  00H2O-pretreated  crescents 
reach  the  levels  observed  In  the  leachate  of  ethanol-pretreated 
crescents.  The  slight  increase  In  leachate  concentration  In  the 
bathing  solution  of  DDHjO-pretreated  crescents  may  represent  losses 
resulting  from  the  osmotic  gradient  and  may  not  reflect  changes  In 
membrane  permeabil Ity. 

Because  of  large  standard  errors  of  the  means,  pretreatment 
effect  on  mineral  loss  during  dehydration  appeared  to  be  small 
[Figures  U-14),  Larger  than  expected  errors  were  likely  the  result 
of  mineral  contmnlnants  In  the  PEG,  which  were  close  to  the  range  of 
tne  leachates  being  tested.  In  addition,  samples  containing  PEG  left 
residues  In  the  ashing  container,  which  were  Insoluble  in  water  or 
concentrated  HCl  and  may  have  trapped  minerals  within  them.  If 
ethanol  pretreatment  caused  vesicle  formation.  It  Is  also  possible 
that  the  extent  of  vesicles  formation  from  cell  to  cell  would  vary 
greatly  and  produce  considerable  variation  In  leachate  concentration. 
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Some  irfsruiation  may  be  gained  by  comparison  of  tne  mean  response 
of  the  data  in  Figures  9-14.  The  mean  response  for  each  of  the 
minerals  were  significantly  higher  for  leachates  from  ethanol- 
pretreated  crescents  than  from  those  of  DDH^O-pretreated  crescents 
(Table  2).  The  greater  response  suggests  that  the  diffusion  barrier 
in  ethanol-pretreated  crescents  is  less  effective  than  that  of  DDH^O- 
pretreated  crescents  at  a^  > 1,000.  In  general  the  slopes  of  lines 
fit  to  these  data  were  not  significantly  different  from  0.0.  The 
exception  to  this  is  the  case  of  amino  acids  where  both  the  ethanol 
and  ODHjO-pretreated  crescents  leached  greater  quantities  as  a„ 
decreased.  The  slope  of  the  ethanol  curve  was  0.065  and  that  of  the 
ODHjO  was  0.025.  This  suggests  that  a decreasing  a^  had  a greater 
effect  on  leaching  of  amino  acids  when  crescents  were  pretreated  with 
etnano!  than  with  DOH^O.  It  is  not  known  why  leaching  of  amino  acids 
followed  this  pattern,  whereas  there  appeared  to  be  no  unlfoni  pattern 
for  leaching  of  the  other  components.  It  is  assumed,  however,  that 
the  small  number  of  replications  and  the  large  errors  are  responsible 
in  part  for  the  differences,  and  that  the  leaching  of  the  other 
conponents  would  appear  similarly  If  more  replications  were  done. 

Wditional  information  about  the  status  of  the  plasma  membrane 
can  be  obtained  from  a conparison  of  dehydration  weight  retentions 
(percent  of  Initial  fresh  weight  after  dehydration)  (Table  3).  The 
most  severe  drying  at  0.520  a,  resulted  in  weight  retentions  of  22. 3t 
for  ODHjO-pretreated  crescents  and  7.3*  when  crescents  were  pretreated 
with  ethanol.  Tne  greater  retention  of  amino  acids,  conductive 
components,  minerals  and  water  (as  indicated  by  weight  retention)  is 


Table  2.  Comparison  of  oretreatment  effect  on  leaching  of  various 
ccmpon^ts.  Mean  responses  of  plots  at  concentration  of  various 
leachate  components  versus  PEG  concentration  were  made.  The  effect  of 
pretreatment  was  statisticallji  compared. 


Leac hate 

component  Pretreatment 


Conductivity  DOHjQ 

Ethanol 

Calcium  DMjO 

Ethanol 

Hagneslian  ODHjO 

Ethanol 

Potassium  OOH^O 

Ethanol 

Sodlimi  CDHjO 

Ethanol 


Amino  Acids  DDH^O 

Ethanol 


Pn>|t|  for  comparison  of  mean  response  of  DDH2Q  and  ethanol 
pretreatments . 

Indicates  data  with  errors  too  large  to  make  comparisons 
meaningful . 


further  evidence  that  DOH^O-pretreeted  crescents  maintained 


substantial  membrane  integrity  even  at  a^  • 0.S20. 

Effects  of  Rehydration  on  Membrane  Integrity 

Raienan  et  al,  (1976)  indicated  that  damage  to  cell  membranes  nay 
occur  during  rehydration.  In  order  to  test  this,  the  concentration  of 
leachate  components  ms  measured  in  the  rehydration  solution.  The 
results  of  this  evaluation  are  ih  Figures  16-20.  leaching  of  amino 
acids,  conductive  components  and  minerals  was  essentially  negligible 
from  Che  ethanol -pretreated  crescents  regardless  of  the  dehydration 
a.,.  These  results  were  expected  because  the  majority  of  the  solutes 
were  leached  during  pretreatment  and  dehydration,  A simsnary  of 
leaching  from  pretreatment  through  rehydration  is  given  for  amino 
acids  and  conductive  ccmponents  (Figures  21  and  22). 

Unlike  ethanol-pretreated  crescents,  crescents  pretreated  in 
OOH2O  retained  relatively  high  concentrations  of  solute.  Losses  of 
these  solutes  to  the  rehydration  bathing-solution  increased  sharply 
when  crescents  were  dehydrated  to  a^'s  of  0.987  or  lower  (Figures  15- 
20).  Concentration  of  leachates  in  these  solutions  was  statistically 
greater  than  0.0  when  crescents  were  dehydrated  at  a 's  of  0.980  or 

conductivity  and  Ca.  Althougn  no  change  in  membrane  integrity  was 
detected  during  dehydration  of  DDK^O-pretreated  crescents,  the 
dehydrated  crescents  appear  to  have  been  predisposed  to  rehydration 
damage. 
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Figure  21.  emulative  losses  of  conductive  conponents  during 
pretreatneot,  deiiydrstion  and  redydration. 


Conductivity  (jlmho/g  dry  celery) 


F^9^i'e  22.  Ciaiulative  losses  of  amino  Kids  during  pretreatment. 
deh:rtration  and  rehydration. 
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When  niemBrare  Integrity  was  not 
crescents  increased  in  welgrtt  at  a„'s  of  l.MO  and  0.999.  Ethanol- 
pretreated  crescents,  hoxever,  never  regained  weight  lost  in  the 
pretreatment,  even  when  placed  in  an  a^  of  1.000.  These  data  indicate 
that  an  intact  nemhrane  is  essential  for  maintenance  and  recovery  of 
fresh  weight. 

Comparisons  of  rehydrated  tissue  and  tissue  maintained  in  DDH2O 

whereas  the  tissue  maintained  in  DDH^O  contained  cells  with  intact 
plasma  and  tonoplast  membranes  (Figure  23).  There  was  no  apparent 
difference  between  ethanol -pretreated  cells  and  cells  from  rehydrated 
tissue,  suggesting  that  ethanol  pretreatment  and  rehydration  have 
similar  effects  on  ultrastructure.  The  walls  from  the  tissues 
described  were  indistinguishable  fron  those  of  fresh  tissue.  All  of 
the  walls  observed  stained  evenly,  were  rigid  in  appearance,  and 
maintained  a normal  cell  shape.  It  is  difficult  to  distinguish 
between  the  effect  of  rehydration  on  the  tonoplast  and  on  the  plasma 
membrane.  In  this  study  it  was  oberved  that  the  thickness  and  Che 
perimeter  appeared  to  be  quite  similar,  so  that  if  the  minimum 
surface-area  of  membranes  is  a critical  parameter  for  membrane  damage, 
the  tonoplast  would  be  eipected  to  behave  in  a manner  similar  to  the 
plasma  membrane.  The  TEM  observations  may  reflect  the  actual  state  of 
the  membranes;  however,  some  changes  may  have  occurred  during 
fixation.  Sane  of  the  membrane  lipid  may  ha"e  been  washed  away  in  Che 
ethanol  and  acetone  dehydration  series,  lieinbrane  structures  may  also 
have  been  altered  prior  to  crosslinking  with  OsO^.  Hecause  damage  may 


Figure  23. 


Effect  of  peftydrttion  on  ultrastpucture  of  celery 
parenchyma  cells.  Cell  wall  junction  of  celery  tissue  not 
dehydrated  (above)  and  dehydrated  td  D.920  a„  then 
rehydrated  (beloo).  c • cytoplasm,  PL  ° p1  asmalefima,  T • 
tonoplast,  CM  ■ cell  wall,  IS  ■ Intercellular  space,  and 
ML  • middle  lamella. 
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occur  during  fixation,  it  Is  possible  tnat  the  damage  observed  in  TEN 
does  not  accurately  reflect  the  effects  of  rehydration  damage. 

Physical  Changes  Resulting  from  Dehydration  and  Rehydration 

The  loss  of  membrane  integrity  during  rehydratlon  had  an  almost 
identical  effect  on  rigidity  and  piece  height  as  ethanol  pretreatment 
did  (Figures  24  end  2S).  Uhen  the  membranes  maintained  integrity,  the 
modulus  of  elasticity  was  high  (about  8.5  NPa).  Hoieever,  ehen 
crescents  Here  pretreeted  «itn  ethanol  or  dehydrated  to  e^'s  of  0.9B7 
or  lower,  the  rigidity  was  substantially  lower  (about  1.4  MPa). 

Because  the  decrease  in  modulus  of  elasticity  occurred  at  the  same  a^ 
as  the  increase  in  leachate  concentration,  the  decrease  in  piece 
height  and  at  the  a^  where  the  drop  in  rehydratlon  ratio  occurred,  it 
is  likely  that  Intact  cell  membranes  were  responsible  for  about 
4.5  NPa  of  the  modulus  of  elasticity.  Piece  heights  of  crescents 
pretreated  in  DDN^O  and  not  dehydrated  increased  as  a result  of  HDK^O 
pretreatment.  The  mean  height  for  those  crescents  was  0.59  on  as 
ccnpared  with  the  original  0.50  cm.  The  increase  was  dependent  upon 
Intact  membranes.  There  was  a sharp  decrease  in  piece  height  at  0.9S7 
a,^  and  when  ethanol  pretreatment  was  used. 

Because  crescents  with  impaired  membranes  exhibited  sane  modulus 
of  elasticity  and  heights  close  to  their  original  height,  other 
structures  probably  contribute  to  celery  rigidity  and  structure. 
Increasing  PE6  concentrations  from  dOO-lOOO  g/1000  g DOH^O  had  no 
effect  on  rigidity,  so  it  is  unlikely  that  PEG  had  a measurable  effect 
on  the  cell  wall.  In  TEH  studies,  cells  from  crescents  pretreated 
with  etnanoi  and  those  from  rehydrated  crescents  showed  no  indication 
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of  cell  wall  or  nfcrof1&r11lar  olstortlon  or  loss  of  nioole  lamella 
Integrity  cnat  aitghc  be  Indicative  of  Increased  crystall  lnlt>. 

However,  TEH  observations  of  not-air  dried  celery  revealed  many  ce11 
wall  changes,  including  collapse  and  distortion  of  the  cell  walls, 
clunplng  of  mlcroflbril s,  uneven  thickness  of  cell  walls,  and 
splitting  of  the  middle  lamellae  (figures  26  and  27).  These  changes 
likely  represent  Increased  crystallinity.  The  Initial  portion  of  the 
force  deformation  curves  for  both  hot-air  dried  and  freeze  dried 
crescents  was  flat  and  was  regarded  as  0.0  MPa.  The  difference 
between  a rigidity  of  0.0  MPa  and  one  of  1.4  MPa  appears  to  be  the 
contribution  of  Intact  cell  walls  and  middle  lamellae.  Because  of  the 
small,  however  significant,  difference  of  piece  height  between 
treatments,  1t  may  be  concluded  Chat  cell  wall  Integrity  has  a greater 
effect  on  piece  height  than  does  membrane  Integrity. 

Hechanlsn  of  Testural  Changes 

In  the  literature  review  section  several  possible  mechanisms  of 
dehydration  damage  were  presented.  Steponkus  et  al.  (1981)  proposed 
that  dehydration  damage  Is  the  result  of  a series  of  lethal 
stresses.  Many  of  the  stresses  may  not  affect  texture  or  otherwise 
affect  duality. 

Merjman  (1968)  Indicated  that,  at  a„'s  of  0.973  or  lower,  red 
blood  cells  In  MaCl  became  leaky  to  the  bathing  solution  and  therefore 
would  not  hyperton1ca11y  contract  beyond  a "minlmiin  volume."  He 
pnoposed  that  damage  to  Che  red  blood  cells  was  Incited  by  the 
pressure  differential  which  occurs  at  that  a„.  The  data  on  celery 
provide  evidence  that  cells  of  the  celery  petiole  did  not  become  leaky 


figure  26, 


Effect  of  deliyclretlon  to  moisture  on  shape  and  size  of 
celeny  parenchyma  cells.  High  magnification  (above)  and 
lowen  magnification  (Oelox);  NB  * nuclear  oodles,  Hu  n 
disrupted  nuclear  material,  CM  • cell  wall,  C > cytoplasm 
arrows  Indicate  clumped  cell  wall  material. 


Ffgupe  27. 


Effect  of  defiydratlon  to  6%  uolstope  on  tne  onlentatton  of 
mtcrofibrils  and  middle  lamellae  of  celery  parenchyna 
cells.  Arrow  Indicates  splitting  of  middle  lamella  (HL] 
(above)  and  portions  of  the  wall  are  otherwise 
distorted,  fiicrofibril s appear  to  disnp  and  walls  are 
irregular  in  thickness  (below). 
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«t  a^'s  of  0.973  or  lower.  Tnis  study  anployed  a lower  range  of  a^'s 
tnan  did  Herynan  and  over  tnts  range  there  appeared  to  be  no 
inpediment  to  weight  loss  (which  would  result  In  uolune  reduction) 
(Table  1),  Dehydration  leachates  for  crescents  pretreated  in  DOH2O 
gave  no  Indication  of  leakiness.  Another  indication  that  cell 
membranes  of  ODH^O-pretreated  tissue  maintained  differential 
penneabillty  Is  that  at  every  a^  ethanol  pretreated  crescents 
enhibited  lower  dehydration  weight  retentions.  In  Meryman's 
experiments,  the  Increase  uptake  of  NaCI  and  the  conconittant  loss  of 
k could  have  been  a result  of  KaCl  induced  lesions  (Jensen  and 
Oettmeler,  1984). 

Other  mechanisms  of  dehydration  damage  appear  to  involve  stresses 
which  occur  at  much  lower  water  contents  or  a.,'s.  Lipid  oxidation  and 
formation  of  free  fatty  acids  may  promote  a gelling  or  phase  change  In 
menbranes  (Senaratna  et  al.,  1984].  but  are  only  important  at  very  low 
a^'s  (Douzas  and  Karel,  1984).  Likewise  membrane  changes  frcm 
lamellar  to  HII  do  not  occur  until  tissue  has  been  dried  below  20%. 
This  mechanism  does  not  explain  damage  observed  at  moisture  contents 
above  50%. 

In  agreement  with  Sterling  and  Shimazu  (1961)  cell  wall  and 
middle  lamella  changes  (Increased  crystallinity)  had  a very 
significant  effect  on  texture  and  rehydratabil ity  of  celery  crescents 
dried  to  very  low  moisture  contents.  At  these  low  moisture  contents 
oxidation  of  membrane  lipids  and  membrane  phase  changes  are  additional 
limiting  factors.  No  changes  in  the  cell  wall  and  middle  lanella  at 


1^'s  of  0.920-1.000  were  observed  aM  If  coanges  occurred  tney  bad  a 
negligible  Influence  on  texture. 

Of  the  tnechanlsns  reviewed  bv  the  author,  the  results  are  most 
characteristic  of  the  expansion-induced  lysis  mechanism  of  membrane 
damage  [Miest  and  Steponkus,  1978).  According  to  this  mechanism, 
portions  of  the  plasma  membrane  pinch  off  during  hypertonic 
contraction  when  the  membrane  cannot  be  further  compressed. 

Consistent  with  the  authors'  findings  and  differing  fron  the  mechanism 
of  Heryman  (1968),  cell  menbranes  of  the  contracted  cells  would  not 
necessarily  lose  differential  permeability  (Figures  9-ld;  OOH2O 
pretreatment] , In  a later  study  Steponkus  et  a1  , (1983)  demonstrated 
with  T£h  and  SEN  micrographs  of  rye  protoplasts  that  the  pinched-off 
portions  are  endocytotic  and  are  unable  to  recombine  with  the  membrane 
proper  when  the  dehydrated  cell  is  placed  in  hypotonic  conditions. 

The  membrane  bursts  because  Its  decreased  surface  area  cannot 
accomnodate  the  expanding  voline.  Surface  area  of  celery. protoplasts 
was  not  measured  In  this  study,  so  a critical  surface  area  could  not 
be  determined.  However,  since  FES  Is  excluded  by  the  tissue  (Carpita 
et  al.,  1979),  the  lowering  of  a„  would  result  in  a decreased 
protoplasmic  voliane  and  possibly  a reduced  surface  area.  Ranges  for 
the  minimum  a,,  and  weight  retention  were  determined.  The  application 
of  this  mechanism  to  controlled  reduction  of  water  activity  In  celery 
crescents  is  Illustrated  In  Figure  28.  Prior  to  dehydration  the 
plasma  membrane  is  closely  appressed  to  the  cell  wall  (for 
illustration  purposes  the  plasma  menbrane  is  shown  slightly 
pulled  away  frcm  the  wall).  Hhen  the  tissue  Is  dehydrated  to 


Figure  23. 


Proposed  uiecnantsm  of  nanOrone  changes  occ 
dehydration  and  rehydratton  and  resulting 
texture.  Cell  from  fresh  tissue  (above) 
(center]  and  rehydradon  (below).  Cell  o 
were  omitted  for  simplicity. 
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tissue  is  dehydrated  to  a^’s  of  0.920,  pUsnolysis  occurs  conconitant 
with  a collapse  of  the  ce11  wall.  M 0.920  the  cell  wall  is  not 
detectihly  cooipromtsed,  because  when  the  tissue  Is  rehydrated  at  1,000 
the  cell  wall  recovers.  Hie  damage  the  plasma  membrane  incurred  at 
a„’5  of  0.987  or  lower,  however.  Is  not  reversible.  Using  the 
mechanism  of  Heist  and  Steponkus  (1978),  portions  of  Che  plasms 
membrane,  that  have  fonned  vesicles  endocytotically,  do  not  recombine 
with  Che  membrane  and  Che  decreased  surface  area  of  the  membrane 
causes  it  to  lyse  as  the  protoplast  Cakes  up  water.  If  the  membrane 
was  totally  destroyed  at  a^’s  of  0.987  or  lower,  a complete 
equilibration  of  the  cell  contents  with  the  bathing  solution  would  be 
expected,  httwever,  there  was  an  increase  In  leaching  as  a„  decreased 
from  0.987  to  0.920,  indicating  tnat  SOne  Of  the  cell  solutes  Still 
remained  at  the  Intermediate  a^'s.  This  behavior  nay  be  explained  by 
the  observations  of  Horris  and  Kfirath  (1981)  who  reported  that  the 
vesicles  they  made  resealeo  after  expansion-induced  lysis  and  retained 
osmotic  responsiveness.  Likewise  if  vesicles  formed  in  the  celery 
parenchyma  cells  after  the  plasma  membrane  lysed,  the  vesicles  would 
likely  contain  solutes  at  a higher  concentration  chan  the  bathing 
solution.  These  vesicles  would  also  burst  as  water  entered  in, 
resealing,  etc.,  until  an  equilibriun  of  water  potentials  was  achieved 
across  the  vesicle  membranes. 

It  appears  tnat  the  primary  stress  affecting  membrane 
peniieabillty,  and  therefore  rigidity.  Is  a result  of  dehydration  of 
the  protoplast  to  a,'s  of  0.987  or  lower.  As  was  shown  earlier. 


loa 


dehydration  Itself,  to  a,'s  of  0.920-1.000,  does  not  inipalr 
differential  permeability  of  the  membrane,  but  predisposes  the 
membrane  to  damage  during  hypotonic  expansion, 

Rahman  et  al , (1976}  produced  an  intermediate  moisture  celery 
Mith  Increased  rigidity  and  acceptability.  The  modulus  of  elasticity 
for  the  rehydrated  intermediate  moisture  produot  uas  21  Kg/cm^  or 
about  1/3  of  60  Kg/cn^,  the  modulus  of  elasticity  for  the  fresh 
product.  The  highest  yield  was  about  Vi  of  fresh  weight.  In  this 
study  even  the  most  severely  treated  crescents  achieved  approximately 
1/3  of  their  original  fresh  rigidity  and  70-d0t  of  their  fresh 
weight.  Since  this  intermediate  moisture  celery  had  similar 
properties  to  rehydrated  crescents  in  this  study,  it  is  highly  likely 
that  they  produced  a celery  with  intact  cell  walls  and  middle 
lamellae.  Out  devoid  of  sound  plasma  and  tonoplast  membranes  and  that 
the  same  mechanism  of  membrane  damage  is  involved. 


CONCLUSIONS 
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Concl usions 

Insfght  into  the  relationship  of  u1 trastructure  to  Oiophysicat 
properties  and  especially  texture  has  Oeen  gained.  Die  following 
statements  siemiarlze  these  gains: 

1.  At  a^'s  above  0,^7,  the  crescents  were  capable  of  complete 
rehydratlon.  At  a^*s  below  0.987,  a sharp  increase  in  leaching  of  all 
measured  components  and  a sharp  decrease  In  modulus  of  elasticity 
occurred.  Since  cell  walls  and  tnlddle  lamellae  of  all  osnotically 
dried  crescents  were  indistinguishable  from  cell  walls  in  fresh 
tissue,  this  decrease  in  modulus  of  elasticity  is  likely  the  result  of 
ruptured  cell  msnbranes.  Expansion-Induced  lysis  appears  to  be  Che 
primary  stress  responsible  for  the  inability  of  celery  to  regain  fresh 
rigidity, 

2.  Cell  wall  and  middle  lamella  changes  were  not  observed  at 
a„'s  of  0.920-1.000.  At  moisture  contents  of  about  6%.  a change  in 
micnofibril  spacing,  an  Increase  in  cell  wall  distortion.  Irregular 
thickness  and  a splitting  of  the  middle  lamella  were  observed.  These 
changes  may  be  indicative  of  an  increase  in  cell  wall  crystall Inity. 
When  cell  walls  and  middle  lamellae  were  In  this  condition,  crescents 
exhibited  no  rigidity.  When  cell  walls  and  middle  lamellae  were 
Intact  and  cell  memorane 


Integrity  was  disrupted,  crescents  exhibited 
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1/3  of  the  rigidity  of  fresh  crescents.  ApBroniraately  1/3  of  the 
rigidity  of  fresh  tissue  can  be  attributed  to  the  ceil  walls  and 
middle  1ane1lae.  The  remaining  2/3  are  the  effect  of  intact  plasma 
and  tonoplast  membranes  pressing  against  firmly  planted  cell  walls. 

3.  The  approach  used  In  this  study  to  distinguish  between 
membrane  and  cell  wall  effects  could  be  used  for  a variety  of  fruit 
and  vegetable  studies.  A comparison  of  leachate  conductivity  and 
sTiIno  acids  was  a good  indicator  of  membrane  integrity.  Modulus  of 
elasticity  taken  at  the  initial  portion  of  tne  force  deformation  curve 
was  a useful  index  of  rigidity. 

a.  Polyethylene  g1yoo1,  which  is  used  frequently  in  the  plant 
sciences  for  water  potential  studies,  could  be  used  to  prepane  fruits 
and  vegetables  to  known  a^'s  ranging  from  about  0.920  and  upward. 

Under  constant  agitation,  equilibration  1s  more  rapio  compareq  with 
equilibration  over  saturated  salts,  [n  this  way,  problems  with 
microbial  growtn  can  be  avoided. 

5.  A model  based  on  the  above  observations  and  those  of 
Steponkus  et  a1 . (1931)  Is  proposed.  It  is  suggested  that  as  the  a., 

Is  lowred  beyond  0.937  the  plasma  membrane  is  unable  to  further 
compress  and  pinches  off  endocytotically.  The  reduced  outer  surface 
of  the  menbrane  prevents  it  from  expanding  to  the  original  size  and 
the  membrane  bursts  in  hypotonic  conditions.  The  cell  wall  did  not 


permanently  affected  by  PEG. 


106 


Suwstlons  for  Future  Hort 

TTie  letnji  stress«s  or  Irreversible  chenges  Hhicli  occur  when 
susceptible  tissue  such  as  celery  petioles  are  dehydrated  to  1o» 
moisture  contents  are  many  and  complex.  These  problems  could  be 
entirely  circianvehted  by  preparing  an  intermediate  moisture  product. 
The  a,  required  for  microbial  stability  is  less  then  0.7.  Rahman  et 
al.  (1976)  prepared  intermediate  moisture  celery  with  physical 
properties  very  like  the  celery  which  was  dehydrated  to  0.920 
(regardless  of  the  pretreatment).  It  does  not  appear  chat  the 
ijitemiediate  moisture  tissue  underwent  any  additional  stress  by  the 
addition  of  a^j-reducing  solutes.  This  needs  to  be  verified. 

If  the  only  stress  incurred  at  intermediate  moistures  is  that  of 
predisposition  of  the  membrane  to  expansion-induced  lysis,  then  a 
focus  could  be  placed  on  the  membrane  and  ways  to  avoid  pinching  off 
of  vesicles  <Aich  occurs  when  the  surface  area  is  reduced.  Three 
possible  approaches  for  avoiding  expansion-induced  lysis  are  (1) 
acclimation,  (2)  plant  selection,  and  (3)  crosslinking  agents. 

1.  Steponkus  et  al.  (1983)  indicated  that  protoplasts  previously 
acclimated  to  freeaing  conditions  had  an  increased  ability  to  expand 
and  remain  viable  after  hypertonic  contraction.  This  Investigatory 
approach  could  include  Che  use  of  an  imposed  stress,  either  cold  or 
low  moisture  stress,  while  the  plants  were  under  growing  conditions. 
This  tissue  could  be  harvested  and  subjected  to  the  type  of 
experiments  done  in  this  study. 

2.  There  is  a rich  historical  basis  for  plant  selection 
(Poehlman,  19S9).  Tomatoes  have  been  selected  for  site,  shape. 
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solids,  etc.  for  convenience  In  processing.  It  Is  possible  that 
celery  could  be  selected  for  an  Increased  resistance  to  expansion- 
induced  lysis. 

3.  Crosslinking  has  been  used  successfully  to  preserve  menbranes 
in  electron  microscopy  (Hayat,  1981).  Prior  to  dehydration,  a 
pretreatnent  iflth  glutaraldebyde,  a crosslinker  of  proteins,  in 
xarnovky's  (1965)  fixative  followed  by  osnlun  tetroxide,  a crossllnker 
of  lipids,  could  be  employed  to  strengthen  the  link  of  membrane 
vesicles  with  the  plasma  membrane  and  reincorporatlon  Into  tbe  plasma 
membrane  during  hypotonic  expansion. 
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